Flame stability and pollution control are significant problems in the design and operation of any combustion system. Real-time monitoring and analysis of these phenomena require sophisticated equipment and are often incompatible with practical applications. This work explores the feasibility of model-based combustion monitoring and real-time evaluation of proximity to lean blowout (LBO). The approach uses temperature measurements, coupled with chemical reactor network (CRN) model to interpret the data in real-time. The objective is to provide a computationally fast means of interpreting measurements regarding proximity to LBO. The CRNpredicted free radical concentrations and their trends and ratios are studied in each combustion zone. Flame stability and a blowout of an atmospheric-pressure laboratory combustor are investigated experimentally and via a phenomenological real-time Chemical Reactor Network (CRN). The reactor is operated on low heating value fuel stream, i.e., methane diluted with nitrogen with N2/CH4 volume ratios of 2.25 and 3.0. The data show a stable flame-zone carbon monoxide (CO) level over the entire range of the fuel-air equivalence ratio (Φ), and a significant increase in hydrocarbon emissions approaching blowout. The CRN trends agree with the data: the calculated concentrations of hydroxide (OH), O-atom, and H-atom monotonically decrease with the reduction of Φ. The flame OH blowout threshold is 0.025% by volume for both fuel mixtures. The real-time CRN allows for augmentation of combustion temperature measurements with modeled free radical concentrations and monitoring of unmeasurable combustion characteristics such as pollution formation rates, combustion efficiency, and proximity to blowout. This modelbased approach for process monitoring can be useful in applications where the combustion measurements are limited to temperature and optical methods, or continuous gas sampling is not practical. . Typically used to model the burnout zone of a combustor. PSB = A PSR operating at an incipient blowout. The chemical kinetic code calculates the PSB volume: first, the minimum PSR volume is calculated, and then one percent is added to the minimum volume to ensure sustained combustion in the element. In the manuscript, the PSB volume is referred as an incipient blowout volume. PSB is typically used to model the flame front. PSR = Perfectly Stirred Reactor, a zero-dimensional reactor of spatially uniform temperature and chemical composition, in which the chemical rate is slow (controlling) compared to the mixing rate. Typically used to model the luminous, primary flame and high-intensity recirculation zones. PSRs (and PSBs) are self-igniting. slpm = Standard liters per minute UHC = Unburned hydrocarbons, the sum of hydrocarbon gases measured by an unheated hydrocarbon analyzer, expressed as equivalent methane. XTZ = Experimental three zones combustor. Zone = A region of the combustor of a particular characteristic, such as the luminous flame front, the primary flame zone, or the secondary burnout zone. The terms "zone" and "element" are used interchangeably in the CRN.
ERN = Equivalent reactor network. Fuel = Methane with nitrogen.
Φ = Fuel to air equivalence ratio. LBO = Lean flame blowout. OH = Hydrogen peroxide. PFR = Plug Flow Reactor, a reactor consisting of a one-dimensional flow, along which chemical change, without diffusion, occurs. Typically used to model the burnout zone of a combustor. PSB = A PSR operating at an incipient blowout. The chemical kinetic code calculates the PSB volume: first, the minimum PSR volume is calculated, and then one percent is added to the minimum volume to ensure sustained combustion in the element. In the manuscript, the PSB volume is referred as an incipient blowout volume. PSB is typically used to model the flame front. PSR = Perfectly Stirred Reactor, a zero-dimensional reactor of spatially uniform temperature and chemical composition, in which the chemical rate is slow (controlling) compared to the mixing rate. Typically used to model the luminous, primary flame and high-intensity recirculation zones. PSRs (and PSBs) are self-igniting. slpm = Standard liters per minute UHC = Unburned hydrocarbons, the sum of hydrocarbon gases measured by an unheated hydrocarbon analyzer, expressed as equivalent methane. XTZ = Experimental three zones combustor. Zone = A region of the combustor of a particular characteristic, such as the luminous flame front, the primary flame zone, or the secondary burnout zone. The terms "zone" and "element" are used interchangeably in the CRN.
Introduction
Lean blowout can be defined as the phenomenon of flame extinction due to the reduction of the fuel-air ratio beyond a minimum threshold limit at which a given geometry can sustain a flame. The NOx and soot emissions can be controlled by lowering the flame temperature through leaning of the flame fuel-air equivalence ratio (Φ). However, by operating very lean, the combustors have limited margins between stable combustion and lean-flame instabilities leading to lean blowout. Lean-premixed concepts have been investigated by several aircraft engines developers [11, 12] , where the flame instability and extinction is a primary safety concern. Owing to the expensive and potentially dangerous implications, predicting and preventing LBO is of considerable interest to researchers and practitioners. Blowout has mainly been studied in terms of the residence time of reactants [13] [14] [15] and flame structures and corresponding strain rates [16, 17] . The Damkohler number (Da) is used for LBO characterization; it is defined as the ratio of mixing time to the chemical time ( / ℎ ). For aerodynamically stabilized reactors, blowout occurs when the rate of entrainment of reactants into the recirculation zone cannot be balanced by the rate of their consumption [18] . Da non-uniformity can also lead to the onset of flow instabilities resulting in LBO [19] . Experimental and numerical studies have investigated species distribution in different combustor geometries, injector designs and fuel compositions e.g., [20] [21] [22] [23] [24] [25] [26] [27] . Lean flame blowout modeling for an aero engine application using zonal modeling was reported in [28] [29] [30] . Several authors have related the OH radical in the flame and post-flame zone to a blowout [19, [31] [32] [33] . The CFD models used to predict the species field are computationally intensive and cannot be used for real-time calculations. Recently, fast phenomenological CRN and semi-empirical approaches [34, 35] for aero-engine LBO prediction have been proposed. Real-time species calculations methodology has been implemented for high intensity atmospheric jet stirred reactor approaching blow out; the authors used OH trends in three zone CRN to predict reactor proximity to blowout [36] .
The chemical reactor modeling approach has been shown to be useful for the development of global and reduced kinetic mechanisms and their validation against full-length mechanisms [1] [2] [3] . Early gas turbine combustors were modeled by [4] in the 1950's as an arrangement of a perfectly stirred reactor (PSR) for the high-intensity primary zone of the combustor, followed by a plug flow reactor (PFR) for the burnout zone of the combustor. Zonal combustion modeling [5] as an improvement for combustor design via correlation parameters. In zonal modeling, the combustor volume is divided into idealized PSR and PFR elements, where the flow conditions for the elements can be calculated based on the dissipation gradient method. Simple chemical reactor models have been used for evaluating pollutant emission trends in laboratory combustors, e.g., [6] [7] [8] [9] [10] . While these approaches provide quick and useful insight into emission trends, more advanced CRNs containing ten or more reactor elements can address the complex flow field inside the combustor. Typically, the developments of such a CRNs are guided by the CFD simulations of the flow field and reaction space of the combustor. The CFD-CRN translation is based on several flow field parameters: species concentrations, reaction rates, turbulence parameters, and temperature. The following information is used for developing the CRN framework: the number of elements and element types, sizes, and linkages. Such CRNs have been used for practical swirl stabilized combustors, e.g., [2, 3, 37, 38] . Large CRN models have been used for hydrocarbons, NOx, and CO predictions in practical combustors, e.g., [38] [39] [40] [41] [42] [43] . The commercialization of the Chemkin code of [44] led to the development of an automated tool for the generation of Equivalent Reactor Networks (ERN) [45] . The ERN is often an extension of the CFD post-processing. Though recently there has been an increased number of publications demonstrating the ERN for combustion systems, this topic is beyond the scope of this work as the ERN approach is used in conjunction with CFD and does not allow for the real-time modeling of the combustion process.
Of particular interest to this work is the CRN modeling of low heating value fuels associated with solid fuels combustion, e.g., the early reports [46] investigated the use of the modeling for optimization for reducing NOx emissions from pulverized coal-fired furnaces. Several researchers represented pulverized fuel furnaces as ideal reactor models to incorporate detailed NOx formation chemistry. For example, [47] [48] [49] used chemical reactor networks for representing combustion in industrial furnaces for predicting NOx using a detailed kinetic mechanism. A unique, phenomenological approach was used by Niska et al. [50] . Instead of dividing the furnace into different volumes based on the physical location, they divided the flow field based on the characteristic chemical process prevailing in each region, such as the primary flame zone, the recirculation zone, the over-fire air zone, the mixing layer, and the burnout zone. The approach was implemented to study the formation of NOx in biomass combustion [51, 52] Some more recent publications related to low heating value fuels use chemical kinetics modeling to study biomass pyrolysis, e.g., [53] , and combustion of solid fuels, e.g., [54] .
Related to this work, the in-house CRN code was originally developed by Pratt and co-workers who also applied the software to model high-intensity combustors, e.g., [55] [56] [57] [58] . The PSR reactor concept is implemented by balancing the Arrhenius source terms of net production of each species by convective removal of that species from the PSR control volume. The PFR is modeled by a series of PSRs. The code has been modified by other researchers [2, 41, 59 ]. One of the major benefits of this code is in the implementation of the fast convergence algorithm, e.g., [60] , which enables fast chemical kinetic calculations in networks.
The majority of the literature related to the development and use of CRNs aims to predict the emissions of combustion systems accurately. These CRNs or ERNs are developed based on CFD solutions and are used as reduced order simulations with the number of the elements orders of magnitude lower than in the CFD. The grid reduction allows for the use of a detailed chemical kinetic mechanism to gain insight into the pollution formation and blowout conditions and often provides feedback to the CFD models [45] . Our approach does not rely on the analysis (postprocessing) of the complex flow field from CFD, but, rather, it aims at creating the simplest (fastest) reactor arrangement that can estimate combustor behavior trends in real-time.
Our primary aims are: (i) to develop a simple (fast) phenomenological CRN model for an experimental combustor operated on low heating value fuel for a range of fuel-air equivalence ratios and fuel heating values, (ii) to validate CRN trends for major combustion species concentrations against experimental data and obtain free radical concentrations (not measured in the experiment), and (iii) to evaluate the CRN ability to estimate system proximity to lean flame blowout by analyzing the modeled free radical concentrations in the combustor in real-time. The approach is useful for monitoring and analyzing combustor performance by providing user extended information about combustion parameters that are difficult to measure in a practical system (e.g., free radical concentrations, temperature, and species gradients within the combustor, combustion efficiency, the pollution formation mechanism, and proximity to blowout thresholds). The current industrial combustion control methods largely rely on temperature and major combustion species measurements. The CRN can provide "data" without delay associated with measurements using gas analyzers. Combustion species measurements are difficult to make in mobile systems and are prohibitive in low-cost systems.
In this paper, we present a simple phenomenological CRN that can be used to describe combustion trends and non-measurable combustion characteristics over a range of fuel-air equivalence ratios and fuel compositions, providing real-time monitoring and analysis of the combustion process. This manuscript is structured in the following way: (a) a description of the novel experimental combustor for reduced heating value gases with heating values similar to the gases released from the devolatilization of a solid fuel, (b) a discussion of the experimental data obtained by the gas sampling of the flame and burn out/exhaust zones, and (c) a description and validation of the phenomenological 3-element CRN model (developed based on the experimental observations and measurements) without the use of CFD modeling. The CRN model is validated against the experimental results over the range of operating conditions. (d) Finally, we use the 3-element CRN to gain insight into the prediction of a lean flame blowout for two fuel mixtures by analyzing the computed free radical concentrations and trends in the flame PSR element.
Experimental

Reactor Design
The combustor that has been designed and built for this study provides an experimental system for the application and evaluation of a simple, phenomenological CRN model for the prediction of combustor performance, especially flame stability, combustor efficiency, and exhaust emissions. Additionally, the combustor can be used to study the combustion of reduced heating value fuels, such as the gases and volatile hydrocarbons released from a wood core undergoing thermal pyrolysis. Elsewhere, we discuss the use of a simple, phenomenological CRN to predict the exhaust emissions from a wood fired-combustor [61] .
An atmospheric pressure combustor of a rectangular cross-section and 56-liter volume is built. The combustor design is shown in Figure 1 . We divide the combustor into three characteristic zones in series based on the observation of the flame, the temperature, and combustion species measurements: i) flame front/ignition, ii) immediate post flame, and iii) plug flow burnout/exhaust. Thus, the experimental combustor is termed an experimental three zone (XTZ) combustor. The model of the combustor is termed a three-element CRN, which is described later in the manuscript (see Figure 2) . More complex models can be constructed, however, here we aim to describe the combustion process with a minimum number of reactors to enable real-time calculations.
For the present work, the fuel is methane diluted with nitrogen, giving a fuel lower heating value of 14,000-17,000 kJ/kg. This fuel is injected into the combustor through a porous tube, which runs horizontally from the back to the front of the lower part of the combustor. The fuel flow is out of and around the tube, culminating in an upward flow of fuel in the combustor. Two ratios of nitrogen to methane by volume, termed the dilution ratio, are used: 2.25 and 3.0. Above the fuel tube, jets of air injected from the side walls of the combustor mix with the upward moving fuel. Once the combustor is started with an electrical spark, the ignition is self-sustaining. The air jets are designed to provide a well-aerated flame front of blue luminosity; the combustion gases flow upward and undergo burnout and exhausting. A small fraction of the fuel-air bypasses the flame zones. This fuel flows upward along the side walls of the combustor and mixes with the combustion gases in the stack and burns. Although the flow field of the combustor is relatively complex, the linear arrangement of the three reaction zones provides the basis for developing a simple phenomenological CRN model. The three reaction zone description is based on both the visual observations of the flame and the probe measurements of the temperature and species concentrations within the combustor.
Experimental setup and procedure
The XTZ combustor is designed and built to provide experimental observations and data over a range of operating conditions. A drawing of the XTZ is shown in Figure 1 . The XTZ combustor has a modular design. Its overall dimensions are 0.150 m width and 0.27 m depth, giving a cross-sectional area of 0.040 m 2 and a length (i.e., height) of 1.40 m. The modules consist of an Inconel firebox, containing the flame zones, measuring 0.50 m in height, followed by a stainless-steel burnout section and exhaust stack, measuring 0.90 m in height. The entire rig is enclosed in ceramic wool insulation to mitigate heat loss and improve the accuracy of the adiabatic modeling in the firebox. An OD 0.025 m porous gas tube is used to deliver the gaseous fuel mixture of methane and nitrogen into the firebox. The fuel tube is located 0.08 m from the floor of the firebox. Low porosity of the fuel tube wall maintains the high pressure inside the tube. At all flow conditions, a uniform flame shape was observed indicating that fuel was evenly distributed along the fuel tube. Air enters the firebox through two banks of jets, one on each side wall of the firebox; the banks are located 0.04 m above the center axis of the fuel tube and consist of six equally spaced circular jets, each of 4.8 mm diameter. Mass flow controllers meter the air and fuel mass flow rates. The fuel is methane diluted with nitrogen, which, as stated above, allows for the combustion of reduced heating value fuels to be studied. The nitrogen addition increases the fuel inlet velocity pushing the flame front away from the fuel tube, thereby preventing the flame from attaching to the fuel tube. This helps to maintain the structural integrity of the fuel tube by curtailing the high-temperature oxidation of the metal tube.
Experiments are conducted at fuel-lean conditions, over a range of equivalence ratios from about 0.65Φ until LBO occurs. The total air flow rate of the combustor is held constant at 400 slpm, and the fuel flow rate is decreased incrementally. The nitrogen-to-methane dilution ratio is held constant at either 2.25 or 3.0. By maintaining a constant air flow rate, variations in the combustor's fluid dynamic behavior are mitigated. The nominal upward velocity of the hot gas in the combustor is 1 m/s, although as the temperature varies inside the combustor, the average velocity changes accordingly. Each operating condition is maintained until certain sampling parameters reach steady-state. These parameters are the rig wall temperatures and gas sampling concentrations. These parameters, as well as the gas temperatures and air and fuel flow rates, are recorded at steady state.
Type-K thermocouples are used to measure the temperatures in the combustor. Thermocouples are located at several positions on the combustor walls. For gas temperature measurements, the type-K thermocouple wires are supported in a two-hole ceramic rod of OD 3 mm. The welded thermocouple bead, uncoated, is located close to the end of the probe. Ports for inserting the gas temperature thermocouples and gas sampling probes are located in both the firebox and the exhaust stack. The firebox sampling port is located 0.07 m above the fuel tube axis (in the flame zone), and the exhaust stack sampling port is located 1 m above the fuel tube axis (in the combustor exhaust). An uncooled sampling probe is used for the exhaust. A water-cooled sampling probe is used to mitigate the oxidation of the gas sampled from the firebox. Both probes are constructed of stainless steel. In addition to the center of the cross-section measurements, area measurements are available for the firebox. The area measurements are obtained by placing the thermocouple or the gas sampling probe, at various distances across the combustor and then pivoting the probe through an included angle of about 30 degrees in the plane of the cross-section. This procedure allows for about 40% of the cross-sectional area to be examined. These area measurements show ±10% deviation from the average value. Only the centerline measurements are reported in this paper.
A Horiba 510 CO gas analyzer is used for the firebox gas measurements, and the exhaust gas sample is analyzed by a Horiba 534 four-gas analyzer. This is an unheated analyzer that measures the sum of the light hydrocarbon gases sampled. The Horiba 534 analyzer is calibrated on CH4. The samples are dried prior to analysis. All data are collected by UEIDAQ and OMEGA data acquisition units and virtually interfaced to the user through the National Instruments LabVIEW software. The National Instruments LabVIEW interface is also used for the control of the air and fuel mass flow rates through the same UEIDAQ unit.
Model development
The CRN consists of a series of idealized chemical reactors that are networked together in a linear fashion to represent the XTZ combustor: (1) a PSB (perfectly stirred reactor at incipient blowout volume), which is a PSR limited to the smallest physical volume that will maintain a chemical reaction for that operating condition, (2) a PSR (perfectly stirred reactor) of assigned constant volume in which mixing to the molecular scale is assumed to happen instantaneously compared to the chemical reaction time, and (3) a PFR (plug flow reactor), in which the flow is assumed to move as a plug, and the chemical reaction proceeds one-dimensionally. Longitudinal mixing in the PFR is assumed to be zero. Specifically, a PSB is useful for igniting the mixture, a PSR is useful for simulating a flame zone of moderate to high intensity, and a PFR is useful for simulating the post-flame regions. Figure 2 shows the CRN used in this work. In this CRN, the PSB and PSR are assumed to be adiabatic reactors, and the plug flow reactor is assigned a nonadiabatic, single temperature or temperature gradient for each combustor case treated. Because of the assigned temperature measured at the firebox, this reactor is termed a PFT. The main goal of the CRN is to obtain reactor species concentrations for a range of fuel heating values and  with a minimum number of elements to achieve real-time calculations of combustion trends. This low computational cost CRN is developed without the use of CFD simulations, but rather based on the visual observations and experimental measurements of the temperature and major combustion species. The well-aerated flame of the combustor is assumed to run at the overall fuel-air equivalence ratio of the combustor. This equivalence ratio is assumed for the PSB and PSR zones and is assumed to carry over to the PFT zone. Some of the fuel and air bypass the flame zones, i.e., the PSB and PSR zones, and mix into the PFT zone, where they may burn. The measurements shown in Figure 3 and Figure 4 suggest that none of the bypass fuel is oxidized at incipient LBO since no additional CO is formed at this condition. For the baseline case, the measured exhaust UHC at incipient LBO corresponds to a 15% bypass of the fuel. To satisfy conservation of mass, a 15% bypass of the air is assumed in the CRN model.
We use the UW-chemical reactor code [41] and the GRI 3.0 chemical kinetic mechanism for the CRN model. The UW code calculates the volume for an incipient blowout for each equivalence ratio treated. This is the PSB volume; it is 1% larger than the true blowout volume at any specific condition. As the equivalence ratio decreases, the PSB volume increases. At LBO, even if the volume is very large, a converged solution is not obtained. For the PSR volume, which represents the continuation of the flame, a fixed value of 82 cm 3 is approximated based on visual observation of ellipsoid volume of the high luminosity region for baseline combustion case for the range of Φ=0.65 to LBO. The PFT volume, a fixed value of 30 liters is used. The assigned operating temperature of the PFT is based on the experimental results and entered as a boundary condition into the code in real-time. Although the temperature in the experimental combustion is not uniform in this zone because of heat loss; a single value of the temperature is used in the code to construct the simplest CRN that can describe the exhaust emission trends and an incipient blowout over a range of operating conditions. The PFT temperature assumed in this work is the measured, uncorrected firebox temperature.
A comparison of computed and experimental results is shown in the next two sections of this paper. The CRN results for the PSR are compared to the firebox measurements, and the CRN results for the outlet of the PFT are compared to the exhaust stack measurements.
Experimental results and discussion
The baseline operating condition of the combustor is an air flow rate of 400 slpm and a nitrogen-to-methane dilution ratio of 2.25. LBO occurs at 0.45Φ. The baseline condition is used for the development of the CRN. Figure 3 shows the gas temperature measurements against the equivalence ratio, from incipient LBO to 0.65Φ. The temperature data are the raw data on the centerline, without correction for thermocouple heat loss by radiation and conduction. For the firebox, the average temperature varies from 850K at incipient LBO to 1015K at 0.65 . The corresponding adiabatic flame temperatures (AFTs) are 1290K and 1595K. The ATFs are calculated using the chemical kinetic code; the PSR element inputs (e.g., fuel composition, reactor dimensions, and flow rates) correspond to the experimental conditions. The exhaust measured temperature varies from 820K at incipient LBO to 935K at 0.65 . The gas temperature decreases with decreasing Φ and drops more rapidly in both the firebox and the stack near LBO. The temperature measurements are lower than the adiabatic flame temperature. The reason for lower measured temperature is a combination of the following: (i) incomplete combustion, (ii) nonadiabaticity of the combustor, and (iii) heat loss from the thermocouple. Figure 4 shows the measured CO and the methane equivalent UHC concentrations for the baseline case. The concentrations are measured dry. The CO concentration in the firebox is nearly constant at 0.25% by volume over the Φ range tested. As the equivalence ratio increases, more CO forms from the fuel, but the increasing temperature causes enhanced oxidation of the CO to CO2, resulting in a nearly constant CO concentration. The stack CO reaches a peak value of 0.33% by volume at about 0.50Φ; the CO is lower at both richer and leaner equivalence ratios. Figure 4 shows a significant increase in UHC at the stack near LBO. This increase in the UHC emissions agrees with the previous data from [39] . At incipient blowout, UHC is about 0.55% by volume; whereas, for equivalence ratios above 0.55Φ, UHC is nearly constant at about 0.1% by volume. The UHC in the stack is the result of fuel bypassing the flame zones. In the stack, this fuel mixes with post-flame gases flowing upward from the flame and oxidizes. Near LBO, however, this oxidation process is weak due to the lower temperatures in the stack, leading to the poor conversion of UHC to CO. This trend is apparent in the CO fall and the increase of UHC values approaching blowout condition (below 0.50Φ). On the other hand, at the highest values of equivalence ratio, both the UHC and CO are fairly well oxidized to CO2. Figure 5 shows the experimental data from the other nitrogen-to-methane dilution ratio: 3.0. The air flow rate remains at 400 slpm. Due to the increase in nitrogen, this case blows out at a higher equivalence ratio of 0.48Φ, compared to 0.45Φ for the baseline case. The firebox CO concentration is similar to the baseline case and nearly constant at levels of ~ 0.25% by volume. The 3.0 dilution ratio case exhibits a similar stack CO trend to the baseline case. However, the values are somewhat different from the baseline case. The peak CO increases to about 0.4% by volume and occurs at a higher value of equivalence ratio of 0.57Φ. The stack CO values are equal to the firebox CO value near the LBO.
The stack UHC data in Figure 5 shows a steeper dependence on equivalence ratio than for the baseline case (2.25 dilution). At incipient blowout, the UHC of 1.2% by volume is about double the UHC for the baseline case. The increased nitrogen causes an increase in unburned hydrocarbon in the stack at LBO. However, for the highest equivalence ratio tested (0.65Φ), the UHC is well below 0.1% and, thus, lower than the baseline case. This behavior may be the result of enhanced mixing in the stack because of the presence of nitrogen and the increased flame volume due to the lower flame speed of the diluted methane flame. In these experiments, the highest carbon conversion efficiencies occur at the highest value of equivalence ratio tested: 0.65. The carbon conversion efficiency is expressed as:
In this equation, the chemical species represent their mole percentages, dry basis. For both cases of fuel dilution, the carbon conversion efficiency for 0.65 is about 96%. Figure 6 shows the comparison between the measurements and the CRN predictions for the baseline dilution case. The calculations are performed in near real-time (0.1-2 seconds delay). The fuel and air mass flow rate inputs into the CRN code are provided directly from the Labview interface that controls the MFCs. Only the steady the data at steady-state conditions (defined by temperature measurements in the flame and post flame zones) are analyzed in this work, the transient data during the reactor warm up, cool down, or transition from one state to another are not considered. Depending on the combustor  the computation time increases as the reactor approaches blowout due to the stiffness of the problem. Trends between the CRN predictions and measurements is seen for the following:
Model
CRN baseline results
1. The LBO equivalence ratio is 0.45. The computed PSB volume at this condition is 500 cm 3 , which is consistent with the observations of the luminous, turbulent flame of this relatively large combustor. However, with the decreasing equivalence ratio (below 0.45), the computed volume of this zone becomes unrealistically large.
2. The nearly constant CO concentration of 0.25% in the firebox over the range of equivalence ratios used (0.45 to 0.65). This agreement is obtained using the fixed volume of the PSR of 82 cm 3 . Note that the constancy of CO in the flame over a large range of operating conditions suggests that the flame zone CO is not a good surrogate for predicting the combustor's proximity to LBO.
3. The exhaust trends of UHC and CO with equivalence ratio. (3A) Trend agreement is seen in exhaust UHC, which decreases continuously from maximum UHC at incipient LBO (of about 0.55%) to a small value (less than about 0.1%) as the highest equivalence ratio of 0.65 is reached. (3B) Trend agreement is also seen in the exhaust CO. Starting at incipient LBO, the CO increases, reaching a peak value at an equivalence ratio of about 0.50. For higher values of equivalence ratio, the CO decreases. The CRN describes the oxidation trends of UHC to CO, causing the CO to increase with equivalence ratio at the leanest ratios, and it predicts the oxidation of CO to CO2, causing the CO to decrease at equivalence ratios richer than about 0.50. (3C) The numerical difference between the peak exhaust CO concentrations is 0.50% predicted and 0.33% measured. Although not done here, this difference can be reduced by adjusting the mixing rate of the bypass fuel into the plug flow zone. The lower UHC predictions are likely caused by the poor mixing of the bypass mixture and with hot products of combustion and possible combustion quenching at near the combustor wall in the experiments. 
CRN analysis of flame zone free radical concentrations
In order to understand the proximity to LBO, the three-element CRN is used to examine free radical concentrations in the flame zone. The free radicals of interest are OH, O, and H. Of these, the focus is on OH, since it can be optically observed by well-established methods. The OH radical has been shown to be the longest surviving free radical in flames thus most likely available for continuous ignition of fresh fuel and air. Figure 7 shows the OH, O, and H concentrations in the PSR zone as a function of the equivalence ratio for the two nitrogen dilution ratios. The free radical concentrations decrease with decreasing equivalence ratio. At LBO, the OH concentration is a threshold value of 0.025% by volume for each nitrogen dilution case; the combustion cannot be sustained in the present model if the calculated OH values below that level. The use of a CRN operating in real-time for determining the proximity of a combustor to LBO via the prediction of OH would offer an alternative to measurements of OH* [62] which largely depends on the behavior of the CH radical because of the reaction CH+O2 →CO+OH*, as shown in [63, 64] . 
Conclusions
In this manuscript, we demonstrate a novel approach for monitoring combustor performance by computing difficult to measure combustion parameters using a real-time model. The low computational cost CRN models the free radical concentration and the rates of their formation and destruction in the main combustion zones, as well as the time-dependent trends and ratios within the combustor for predicting system response to the changes in operating conditions. Several conclusions and potential uses of this methodology are summarized below.
CRN development: The phenomenological CRN is developed using the observations and data from the laboratory combustor without the use of CFD modeling. The CRN is used over a range of operating conditions. Inputs include fuel and air mass flow rates and fuel composition. The fuel is methane diluted with nitrogen, used to burn reduced heating value fuel. Two N2 to CH4 ratios by volume are used: 2.25 (baseline) and 3.0. The fuel higher heating values are about 17,000 and 14,000 kJ/kg, respectively. The equivalence ratio range examined is 0.45 to 0.65. The flame zone is well aerated with a blue luminosity exhibited. The CRN consists of three chemical reactor elements placed in series: 1) adiabatic perfectly stirred reactor operating at incipient blowout (PSB), 2) adiabatic perfectly stirred reactor (PSR), and 3) non-adiabatic plug flow reactor operating at an assigned (measured) temperature (PFT). The volume of the PSB is computed for each case; this volume is adjusted by the code automatically. The volumes of the PSR and PFT are fixed and not changed. The PSB is used to ignite the fuel-air mixture and represent the flame front. The PSR is used to model the flame and the immediate post-flame, and the PFT is used to represent the burnout section.
Comparison with the experimental data: The phenomenological 3-element CRN is in good agreement with several experimental observations. The CRN shows a steep increase in the PSB volume at the experimental LBO conditions, indicating that the combustor is operating in the proximity of lean flame blowout (LBO). The CRN shows the near constant CO concentration in the flame zone as the equivalence ratio is varied. The CRN trends agree with the measured exhaust concentrations of CO and UHC over the range of the equivalence ratio. The model predictions can be improved by adjusting the mixing of the bypass to the PFT zone, introducing a more refined model reflecting the flow patterns, and the addition of the heat loss sub-routine. CO oxidation in the probe needs to be further investigated. The probe can be modeled by the addition of a PFR element [65] . The probe calculations would add to the model runtime; these were not performed here as the focus of this work is demonstrate a proof-of-concept for real-time calculation of proximity to LBO which occurs upstream of the stack measurement location. However, the stack and probe modeling can be important for optimizing the emissions or the combustor efficiency.
Use of the CRN for real-time system performance analysis: The approach presented here can be used for the real-time monitoring of combustor performance, prediction of the emission trends, and estimation of difficult-to-measure system parameters, such as the proximity to blowout, combustion efficiency, and pollution emission rates. One of the most interesting findings is the potential use of the CRN as a predictive tool for combustion stability monitoring. Approaching LBO, the CRN predicts an approximately linear decrease of ground state OH concentration to a value of about 0.025%. This threshold value may not be universal and needs to be determined for a specific reactor. However, the trends leading to the LBO are clear and should be further investigated and validated experimentally. Other threshold values and ratios of rates and concentrations may be considered to show method robustness and applicability to practical combustion systems.
Generalization: A low computational cost model can be developed for a specific system and a range of operational parameters. CFD can assist in the construction of such a system similar to the ERN approach to account for flow structures in the reactor. However, the main objective of this work is to demonstrate a model that can describe the trends of the system over a range of fuels and operating conditions in real-time. This work demonstrates the use of CRN for monitoring the combustion of low heating value fuels, specifically the proximity to blowout based on OH radical trends. The measurements of free radical difficult in most real-world applications. The modelbased approaches can be used in a variety of combustion systems to monitor combustion trends with respect to system pollution formation, combustion efficiency, and proximity to a blowout.
Data Availability
The experimental data used to support the findings of this study are included within the article.
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